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Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to charac-
terize the effects of juvenile hormone (JH) on Epac (Exchange Protein directly Activated by Cyclic AMP;
NM 001103732), a guanine nucleotide exchange factor for Rap1 in Drosophila S2 cells. JH treatment led
to a rapid, dose-dependent increase in Epac relative expression ratio (RER) when compared to treatment
with methyl linoleate (MLA) that lacks biological activity. The minimal level of hormone needed to elicit
a response was 100 ng/ml. Time-course studies indicated a significant rise in the RER 1 h after treatment.
uantitative real-time RT-PCR
pac
EF

H
ethoprene
ethyl farnesoate

S2 cells were challenged with 20-hydroxyecdysone and a series of compounds similar in structure to
JH to determine the specificity of the response. Methoprene and JH III displayed the greatest increases
in RER. Late third instar (96 h) Drosophila were exposed to diet containing methoprene (500 ng/g diet);
significantly higher RERs for Epac were observed 12 h after exposure. JH had no effect on Epac RERs in the
human cell line HEK-293.
isepoxy JH III
0-Hydroxyecdysone

. Introduction

The insect juvenile hormones (JHs) represent a family of acyclic
esquiterpenoids that regulate a diversity of processes in the insect
ife cycle (Nijhout, 1994; Riddiford, 1996; Goodman and Granger,
005; Jones and Jones, 2007; Truman and Riddiford, 2007). JH
ffects insect development by maintaining the larval stage and
nhibiting metamorphosis. In adults, JH is involved in regulat-
ng reproductive physiology (Riddiford, 1996; Wilson et al., 2003;
elles, 2004; Flatt et al., 2005). Although well-studied from the
hysiological standpoint, the molecular mechanisms underlying

H action during larval development and metamorphosis remain
argely unknown (Jones, 1995; Kethidi et al., 2006; Riddiford, 2008).

Attempts to develop a unifying concept regarding the mode of
ction of JH, encompassing a multitude of highly complex model
ystems and various insect species, has proven difficult (see Jones

nd Jones, 2007; Riddiford, 2008 for reviews). Capitalizing on the
ealth of information derived from the molecular action of verte-
rate hormones, two potential modes of action for JH have been
uggested: activation of nuclear elements via transcription fac-
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tors and activation of signal transduction pathways. The lipophilic
nature of JH and its potential transit through the plasma mem-
brane has led some investigators to suggest that JH acts through a
specific nuclear receptor complex that modulates gene expression
at the level of transcription (Shemshedini et al., 1990; Riddiford,
1996; Jones and Sharp, 1997; Wilson et al., 2003; Jones and Jones,
2007; Riddiford, 2008). Indeed, there are a series of reports that
suggest embryonic and larval cells display high-affinity binding
proteins for JH (Chang et al., 1980; Klages et al., 1980; Wisniewski
and Kochman, 1984; Wisniewski et al., 1988; Palli et al., 1990); how-
ever, the links between these hormone-interacting proteins and
transcription processes are unclear.

There is mounting evidence that JH may act at the membrane
level, triggering the release of receptor-mediated signal transducing
molecules. These studies were conducted in adult reproductive tis-
sues (Yamamoto et al., 1988; Sevala and Davey, 1989; Pszczolkowski
et al., 2005); however, one recent report examined the role of
JH in the regulation of protein kinase C activity in Drosophila
L57 cells (Kethidi et al., 2006) that were originally derived from
early-stage embryos (Echalier, 1997). Recently, we examined the
global response of Drosophila S2 cells to a JH challenge using a

microchip array and subsequent validation using real-time quan-
titative reverse transcription polymerase chain reaction (qRT-PCR)
(Willis et al., in press). Using methyl linoleate (MLA) to factor out
nonspecific lipid effects, the transcript abundance from 13 known
or putative genes increased significantly in the presence of JH. We

http://www.sciencedirect.com/science/journal/03037207
http://www.elsevier.com/locate/mce
mailto:goodman@entomology.wisc.edu
dx.doi.org/10.1016/j.mce.2009.02.002
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onfirmed the change in relative expression ratio (RER) of a subset
f these loci by real-time qRT-PCR using three validated reference
ranscripts that exhibited constant expression in the presence or
bsence of JH III. One of the most interesting genes to be identified
n the study was Exchange Protein directly Activated by Cyclic AMP
Epac), a guanine nucleotide exchange factor (GEF) for Rap1 small
TPase. In the presence of JH, the RER of Epac increased nearly 4-fold
ver a 4-h period (Willis et al., in press).

While early studies ascribed the activation of protein kinase
(PKA) by cyclic AMP (cAMP) as the primary link between het-

rotrimeric G-protein-coupled receptors and their targets, more
ecent evidence suggests that Epac also plays an important role
Bos, 2006). Epac, upon activation by cAMP, aides Rap1 as it cycles
etween an inactive GDP-bound and an active GTP-bound con-
ormation (de Rooij et al., 1998). Rap1 activity is modulated by
everal GEFs including PDZ, C3G, DOCK4, RapGRP, and Epac (Bos,
005). In turn, Rap1 modifies cell adhesion processes through
adherin-mediated cell junction formation and integrin-mediated
ell adhesion (Bos, 2005). In studies on Drosophila development,
sha et al. (1999) demonstrated that Rap1 plays a critical role in reg-
lating normal morphogenesis in eye discs, ovaries and embryos.

n addition, Rap1 mutations disrupt cell migration and induce
bnormalities in cell shape, further implicating Rap proteins as
egulators of morphogenesis in vivo. While the morphogenetic
ole of JH in maintaining the larval state has been recognized for
ome time (see Goodman and Granger, 2005; Jones and Jones,
007 for reviews), molecular targets for the hormone that reside

n known signal pathways are lacking. In this work, we charac-
erize the dose–response and specificity of Epac induction by JH
nd report that JH increases the RER of Epac, a key component in a
KA-independent pathway that targets Rap1, a critical molecule in
orphogenesis.

. Materials and methods

.1. Purification and quantification of JH homologs, agonists, and
0-hydroxyecdysone

Racemic JH I was purchased from Scitech (Prague) while JH III, MLA and methyl
inolelaidate (MLEA) were purchased from Sigma Chemicals (St. Louis). Bisepoxy JH
II (JHB3) was a gift from Prof. L.I. Gilbert (University of North Carolina, Chapel Hill).
S) Methoprene was obtained from Hartz Mountain Corp (Secaucus, NJ) in the form of
ick and flea control capsules. 20-Hydroxyecdysone (20E) was obtained from Mann
esearch (New York). 3-Octylthio-1,1,1,-trifluoropropan-2-one (OTFP), a potent JH
sterase inhibitor, was a gift from Prof. Y.C. Toong, Universiti Sains, Malaysia.

The biologically active enantiomers (10R,11S) JH I, (10R) JH III and (10R) JHB3

ere isolated from racemic mixtures by chiral HPLC chromatography (Cusson et al.,
997). (S) Methoprene was extracted from flea control capsules using acetone. The
cetone extract containing methoprene was then developed on normal phase TLC
lates (Silica gel 60 F-254; E. Merck, Darmstadt) using a toluene:ethyl acetate:acetic
cid (100:30:3, v/v/v) mobile phase as modified from Schooley et al. (1975). The only
and detected was scraped from the plate and extracted using ethyl acetate. HPLC
nalysis of the extract (hexane:diethyl ether, 96:4, v:v; 5 �m, Spherosorb silica col-
mn) indicated the methoprene to be >95% pure as determined by UV spectroscopy
t 230 nm. The mass of JH and JH acid was determined by UV spectrophotome-
ry (Goodman et al., 1978; Goodman and Adams, 1984). Synthesis and purification
f (10R) JH III acid was performed using the procedure outlined by Goodman and
dams (1984). Due to the instability of JH acid, it was used within 1 week of its
reparation from JH III. Hormone stability in culture medium was analyzed using

3H]-JH III (PerkinElmer, Boston, MA). Radiolabeled JH III was added to the medium
nd then recovered by phase separation (ethyl acetate:medium, 2:1, v/v). The ethyl
cetate phase was dried under a gentle stream of N2 and the extract developed on a
ormal phase TLC plate (hexane:ethyl acetate, 85:15, v/v). Areas containing JH and

H metabolites were recovered and radio assayed.

.2. Preparation of charcoal dextran-stripped bovine serum albumin and medium
To remove potential contaminants, bovine serum albumin (BSA; Pentex Fraction
, Miles Diagnostics, Kankakee, IL) was stripped using activated charcoal. Charcoal

1.25 g; Sigma) was added to 500 ml of Tris–HCl (0.1 M, pH 8.0) containing 0.25 g
extran (T500; Sigma). After stirring overnight at 4 ◦C, 100 ml of this suspension was
entrifuged at 1000 × g for 10 min. The dextran-coated charcoal pellet was mixed
ith 100 ml 10% BSA (in phosphate buffered saline, pH 7.4) and incubated at 45 ◦C
ndocrinology 305 (2009) 30–37 31

for 45 min. Charcoal was then removed by centrifugation and the BSA was sterilized
by passage through a 0.22-�m filter (Millipore, Billerica, MA).

Since S2 cells display JH esterase activity (Dubrovsky et al., 2004), OTFP
(Venkatesh et al., 1990) was added to the medium at a final concentration of 1 �M
and shaken at 4 ◦C for 2 h before adding the potential agonists or controls. Hormones
and agonists were incubated with the charcoal-stripped BSA overnight at 4 ◦C and
then added to the medium containing OTFP to produce a final concentration of 1%
BSA.

2.3. Cell culture

Drosophila S2 cells (Invitrogen, Carlsbad, CA) were maintained in SF900
serum-free medium (Invitrogen) at 27 ◦C. Cells (5 × 105/ml) were seeded into
60 mm × 15 mm plastic dishes (Nunc, Roskilde, Denmark) containing 3 ml of
medium and grown for 36 h. Cells at approximately 80% confluence were then chal-
lenged with the test compounds. Control cells were treated with 1% BSA alone or 1%
BSA with 250 ng/ml MLA.

Human embryonic kidney cells (HEK-293, ATCC, Manassas, VA) were cultured in
DMEM medium (ATCC) with 2 mM l-glutamine and 10% fetal bovine serum at 37 ◦C,
5% CO2. Cells (4 × 105/well) were seeded into 6-well plates containing 2 ml medium.
At 60% confluence, they were treated with 250 ng/ml hormone. The human �-actin
gene (GenBank Accession Number: NM 001101) was used as an internal reference
standard.

2.4. Drosophila rearing and staging

Canton-S wild type Drosophila melanogaster (provided by Prof. C. Cirelli, Univer-
sity of Wisconsin-Madison) were raised at 25 ◦C using a 12:12 L:D photocycle and
maintained on Fisher instant Drosophila diet seeded with active dry yeast. Larvae
used in these experiments were staged by collecting eggs oviposited during a 2-h
period. These insects were allowed to develop in untreated diet until the mid-third
stadium (96 ± 2 h). At 96 h, insects were transferred to a 60 mm × 15 mm plastic dish
containing either agonist or control diet. Diet containing methoprene (500 ng/g diet)
was prepared by dissolving the agonist in ethanol, applying it to the surface of the
medium and allowing the ethanol to evaporate. After evaporation, the diet was thor-
oughly mixed to distribute the agonist and 5 g placed into 60 mm × 15 mm plastic
dishes. Control diet was similarity prepared using ethanol only. Fifteen mid-third
instars were placed in each of three dishes for each treatment and allowed to feed
for 6, 12 or 18 h. At each time point and for each treatment, 10 larvae from each dish
were collected, rapidly frozen in liquid nitrogen and stored at −80 ◦C until processed.

2.5. Isolation of RNA and cDNA synthesis

Cells were lysed directly in the culture dishes and total RNA was extracted with
an RNeasy Mini Kit (Qiagen, Valencia, CA). RNA was exhaustively treated with 2 U
of Turbo DNase (Ambion, Austin, TX) for 1 h at 37 ◦C and quantified by UV spec-
trophotometry using a NanoDrop ND 1000 spectrophotometer. Absence of DNA
contamination in total RNA was confirmed by real-time qRT-PCR as previously
described (Rotenberg et al., 2006; Jahn et al., 2008; Willis et al., in press). RNA qual-
ity and integrity was determined by gel electrophoresis on standard agarose gels or
capillary electrophoresis using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc.). First-strand cDNA synthesis was performed using an iScript cDNA synthesis kit
(Bio-Rad Laboratories, Hercules, CA) as previously described (Willis et al., in press).

2.6. Extraction of RNA from whole body

Larvae were homogenized in lysis buffer (RNeasy Mini Kit) using a pellet pes-
tle (Kimble-Kontes, Vineland, NJ) and QIA shredder columns (Qiagen). Total RNA
was extracted as described by the manufacturer for animal tissue. Larval RNA was
processed as described above.

2.7. Real-time qRT-PCR

Based on previous microarray analyses (Willis et al., in press), three gene tran-
scripts unaffected by the addition of JH (GenBank Accession Numbers: NM 137495,
NM 130639, and NM 170461) were selected as internal reference genes. Gene-
specific primers were designed with Beacon Designer software (Premier Biosoft
International, Palo Alto, CA). Amplification efficiency for all primer sets was opti-
mized (Rotenberg et al., 2006; Jahn et al., 2008; Willis et al., in press) and their
primer products were sequenced to insure accuracy. Expression of Epac mRNA was
analyzed by real-time qRT-PCR using the Biorad iCycler iQ detection system (Bio-Rad
Laboratories). Epac expression was normalized to the expression of the three vali-
dated reference gene transcripts. A thorough description of the real-time procedure
and data analysis is described elsewhere (Rotenberg et al., 2006; Jahn et al., 2008;
Willis et al., in press). Primer sequences and efficiencies are shown in Table 1.
2.8. Heterogeneous RNA analysis

Analysis of the abundance of Epac primary transcript or heterogeneous RNA
(hnRNA) reflects transcription rates more reliably than the analysis of mRNA because
of its short half-life (Elferink and Reiners, 1996). In the present study, one PCR primer
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Table 1
Primers for real-time qRT-PCR.

Gene Primer sequence (forward/reverse)a Amplification efficiencyb

Epac Guanine Nucleotide Exchange Factor NM 001103732 nt 1152 CTTACTCAAGGGATCGGTAGAC/nt 1284 CTCCTTCAGTACGATGGTAGC 1.97
Ribosomal protein rp49/RpL32 NM 170461 nt 58 CCAAGATCGTGAAGAAGCG/nt 197 GTTGGGCATCAGATACTGTC 1.99
Glutathione transferase NM 137495 nt 47 GAGAAACTGCTTGTACTATGTC/nt 206 AGAAACTCGGCGGATTTG 2.00
ATP binding protein NM 130639 nt 1250 CATTGGAAGAAGCATTGGC/nt 1413 CATAGTGGCGGATTCATCG 1.98
Cytochrome P450-6a2 NM 078904 nt 379 TCAACCTGGACGGAAAGAAG/nt 492 CGAACTCCTCAGACACCTTG 1.85
Epac Intron/Exon NT 033788 nt 2650742 CACCCATTCCAGCCAAAGAC/nt 2650642 CCATTACCACAGCGAAGAAGG 1.99
Human Epac1 NM 006105 nt 1964 ATGAGCGTCTCTTTGTTG/nt 2133 CTGGTGGATACTGTTGAAG 1.97
Human ˇ-actin NM 001101.2 nt 1466 GCATTGTTACAGGAAGTC/nt 1591 TTACATAATTTACACGAAAGC 1.92
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genes such as Epac, real-time qRT-PCR monitoring of regions that
a The number of the nucleotide where the primer is located is designated bynt.
b Primer efficiencies were determined from a serial dilution of target DNA usin

etermined by the iCycler iQ software.

as designed to correspond to a region in exon 16 while the reverse primer was
esigned to correspond to a region in intron 15 (see Table 1).

. Results

.1. Introduction of agonists in vitro

Introduction of lipophilic agonists into an in vitro system devoid
f serum poses a dispersal problem. JH and its agonists are surface-
ctive and bind nonspecifically to hydrophobic surfaces (Kramer et
l., 1976; Giese et al., 1977). To counter this problem, we used BSA
s a carrier to reduce nonspecific binding. Since the BSA concentra-
ion may affect how the cells respond to JH, levels of both BSA and
H were varied so that the cells were exposed to 100–500 ng/ml
H in the presence of 0.1% or 1.0% BSA. Fig. 1 indicates that the
ER of JH-stimulated Epac was nearly doubled when the concen-
ration of BSA was increased from 0.1% to 1.0%. In addition to the
roblem of nonspecific lipid adherence, S2 cells express JH esterase
ctivity (Dubrovsky et al., 2004) that rapidly metabolizes JH. With-
ut the JH esterase inhibitor OTFP, better than 70% of the hormone
as metabolized during the first hour of incubation in our system.

his metabolism was significantly reduced when OTFP was present
data not shown).
.2. Verification of JH induction of Epac under optimized
onditions

Our initial work with Drosophila S2 cells using Affymetrix (Santa
lara, CA) microarray chips demonstrated that (10R) JH III induced

ig. 1. Determination of the working concentration of BSA. S2 cells (5 × 105/ml) were
eeded into 60 mm × 15 mm dishes containing 3 ml of medium and allowed to grow
or 36 h. Cells were then challenged for 4 h with (10R) JH III or MLA in the presence
f 0.1% or 1.0% BSA. Total RNA was extracted and the RER for Epac was determined
y real-time qRT-PCR using MLA as a control. Rp49 (FBGN0002626) was used as an
nternal standard reference gene. Error bars represent standard deviation (n = 3).
ormula E = 10(−1/slope) (Pfaffl et al., 2004 and Rasmussen, 2001), with the slope

a rapid (4 h) 3-fold increase in Epac (Willis et al., in press). In
that study, JH and MLA were introduced to the culture medium
in 0.1% BSA. To verify the JH increase of RER of Epac under more
optimized conditions, Drosophila S2 cells were treated with (10R)
JH III (250 ng/ml), MLA (250 ng/ml) or methoprene (250 ng/ml) in
1.0% BSA for 4 h and analyzed for RER of Epac using real-time qRT-
PCR. Three reference genes, whose transcript abundance remained
constant during the experimental period, were identified in pre-
liminary microarray analyses (Willis et al., in press). They are
NM 130639, whose gene product has ATP binding activity and is
involved in response to stress; NM 137495, whose gene product is
a glutathione transferase involved in a toxin defense response; and
NM 170461, whose gene product is ribosomal protein 49. The ribo-
somal protein 49 gene is one of the most commonly employed to
normalize gene expression in Drosophila. The mean RER of Epac,
normalized to each of the three internal reference genes, verified
that JH III increased the RER of Epac approximately 3-fold relative
to the MLA control (Fig. 2). Mean Epac RERs were not statistically
different between the controls 1.0% BSA and 1.0% BSA + MLA.

3.3. Intron–exon boundary studies

Since hnRNA is highly transient, its presence in the target cell is
due, in part, to new transcription and splicing. In low-abundance
span both an exon and an intron provide additional evidence that
new transcription is occurring (Lipson and Baserga, 1989; Elferink
and Reiners, 1996; Delany, 2001). Employing this method, we gen-
erated primers to a region between intron 15 and exon 16. Table 2

Fig. 2. Quantification of Epac induction by JH using three reference gene tran-
scripts. S2 cells (5 × 105/ml) were seeded into 60 mm × 15 mm dishes containing
3 ml of medium and allowed to grow for 36 h. Cells were then challenged with 1%
BSA, 1% BSA containing 250 ng/ml MLA, or 1% BSA containing 250 ng/ml (10R) JH
III. Reference gene transcripts included FBGN0002626, Rp49; FBGN0034354, and
FBGN0023529. Sequence of primer sets is listed in Table 1. Total RNA was extracted
and the mean RER of Epac was determined by real-time qRT-PCR compared to MLA
as the control. Error bars represent standard deviation (n = 3).
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Table 2
Relative expression ratios of Epac hnRNA.

JH III 1.69 ± 0.25*

MLA 1.00 ± 0.59
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Fig. 4. Time-course of Epac response to JH. S2 cells (5 × 105/ml) were seeded into
60 mm × 15 mm dishes containing 3 ml of medium and allowed to grow for 36 h.
Cells were then challenged for various times with (10R) JH III or MLA (250 ng/ml)
using 1% BSA as a carrier. Real-time qRT-PCR results generated the mean RER of Epac
ERs are the mean of three determinations; NM 170461, NM 137495, and
M 130639 were used as reference genes.
* Mean RER of Epac with JH III treatment is significantly different from MLA control

s compared by one-way ANOVA (LSD; p < 0.05).

emonstrates a small but significant increase in the RER for Epac
nRNA when challenged with JH as compared to control.

.4. Dose–response and time-course studies

To determine the concentration dependence of Epac expres-
ion, S2 cells were treated for 4 h with varying doses of (10R) JH
II (1–500 ng/ml). The resulting data indicated that the RER of Epac

RNA levels rose in a dose-dependent fashion (Fig. 3). No statisti-
al difference in the RER of Epac was noted when cells were treated
ith either 1 or 10 ng/ml of JH III. A 2-fold increase in the RER of Epac
as observed when cells were exposed to 100 ng/ml (∼0.4 �M) of

H III and the response further increased with doses of 250 ng/ml
∼1 �M) and 500 ng/ml (∼2 �M). We next examined the temporal
esponse of the RER of Epac in relation to a JH challenge. The RER of
pac mRNA doubled within 2 h of treatment with 250 ng/ml JH and
eached its peak at 4 h (Fig. 4).

.5. Specificity of the RER of Epac response

To further determine the specificity of the regulation, cells were
reated for 4 h with 250 ng/ml MLA, MLEA, (10R,11S) JH I, (10R) JH
II, (10S) JH III, (10R) JH III acid, methyl farnesoate, JHB3 and metho-
rene. The RER of Epac displayed a rapid and specific rise when
hallenged with JH homologs and agonists while (10R) JH III acid,
he major metabolite of JH, elicited no response (Fig. 5). The (10S)
nantiomer of JH III, which is considered the biologically inactive
orm in vivo (Goodman et al., 1978), induced a ∼2.5-fold increase

n the RER of Epac; however, the RER of Epac when cells were
reated with (10R) JH III is significantly higher than when they were
reated with the (10S) JH III enantiomer (Fig. 5). Another compound
ot expected to have activity was methyl farnesoate; however, it

nduced a ∼2-fold increase in the RER of Epac.

ig. 3. Dose-dependent response of Epac to JH III. S2 cells (5 × 105/ml) were seeded
nto 60 mm × 15 mm dishes containing 3 ml of medium and allowed to grow for
6 h. Cells were then challenged (4 h) with various doses of (10R) JH III or MLA using
% BSA as a carrier. Real-time qRT-PCR results were generated from the mean RER
f Epac using two reference gene transcripts (FBGN0002626 and FBGN0034356)
ompared to MLA as the control. Statistical analysis was performed by one-way
NOVA (LSD). RER means with different letters are significantly different (p < 0.05).
rror bars represent standard deviation (n = 6).
for two internal standard reference genes (FBGN0002626 and FBGN0034356) using
MLA as the control. Results were analyzed by one-way ANOVA (LSD). RER means with
different letters are significantly different (p < 0.05). Error bars represent standard
deviation (n = 6).

3.6. Effect of 20-hydroxyecdysone on the expression of Epac

Since JH and ecdysteroids are key regulators of insect devel-
opment and reproduction, cross-talk between their molecular
pathways may be expected (Dubrovsky et al., 2004; Siaussat et al.,
2004). We examined the possibility that ecdysteroids affect the RER
of Epac. Fig. 6 shows that application of 5 �M 20E to S2 cells does not
increase the RER of Epac; however, JH in the presence of 5 �M 20E
induces a significant increase in the RER of Epac over JH alone. This
response appears dose-dependent, as a challenge of JH plus 10 �M
20E is not significantly different from a challenge of JH alone.

3.7. Expression of Epac in JH-challenged HEK-293 cells
JH agonists such as methoprene have long been used as growth
regulators for pest insect populations (Cusson and Palli, 2000).
Since there is homology between human and Drosophila Epac, the
molecular actions of (10R) JH III and methoprene on HEK-293 cells

Fig. 5. Specificity of Epac expression. S2 cells (5 × 105/ml) were seeded into 60 mm
dishes containing 3 ml of medium and allowed to grow for 36 h. Cells were then
challenged with various lipids at a concentration of 250 ng/ml for 4 h using 1% BSA
as a carrier. Real-time qRT-PCR results were compared by one-way ANOVA (LSD)
using the MLA treatment as the control and FBGN0002626 as the internal reference
gene. Compounds tested were bovine serum albumin (BSA, control), methyl linoleate
(MLA), methyl linolelaidate (MLEA), JH III acid, methyl farnesoate (MF), (10S) JH III,
(10R) JH III, (10R,11S) JH I (JH I), bisepoxy JH III (JHB3), and methoprene (Met). RER
means with different letters are significantly different (p < 0.05). Error bars represent
standard deviation (n = 3).
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Fig. 6. Effect of JH III and 20-hydroxyecdysone on Epac expression. S2 cells
(5 × 105/ml) were seeded into 60 mm dishes containing 3 ml of medium and
allowed to grow for 36 h. Cells were then challenged with (10R) JH III and/or 20-
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Table 3
Relative expression ratios of Epac in vivoa.

Hours of exposureb,c

Compound 6 12 18

Methoprened 1.18 ± 0.56 1.72 ± 0.99* 1.64 ± 0.61*

Ethanole 1.00 ± 0.62 1.00 ± 0.64 1.00 ± 0.41

a Mid-third instars (96 ± 2 h) exposed to methoprene or ethanol for varying peri-
ods.

b RNA extracted from 10 larvae and used for qRT-PCR.
c All RERs are the mean of three determinations; NM 170461, NM 137495, and

NM 130639 were used as internal standard references.
d Methoprene in ethanol (25 �l) mixed into diet to yield 500 ng of methoprene

per g of diet.
ydroxyecdysone (20E) for 4 h using 1% BSA as a carrier. Real-time qRT-PCR results
ere compared by one-way ANOVA (LSD) using the MLA treatment as the control

nd FBGN0002626 as the internal reference gene. RER means with different letters
re significantly different (p < 0.05). Error bars represent standard deviation (n = 3).

ere investigated. Total RNA was extracted and real-time qRT-PCR
erformed to determine whether Epac mRNA levels increased after
ell exposure to JH or methoprene. Neither (10R) JH III nor metho-
rene affected the mRNA expression level of Epac in HEK-293 cells
Fig. 7).

.8. Expression of Epac in vivo

Tissue origin and the developmental stage at which the primary
ells were established, as well as the number of in vitro passages
he cells have undergone, have a direct bearing on how the cells
ill respond to hormone. To test whether Epac expression in vivo

esponded to exogenous JH, mid-third stadium larvae were fed a
iet to which methoprene (500 ng/g diet) had been incorporated.
dapting the feeding/hormone introduction protocol of Wilson and

abian (1986), we found that whole body expression of Epac was
ignificantly higher in insects fed methoprene (Table 3). The degree
hange in Epac expression was lower than observed in S2 cells
nd may be the result of hormone insensitivity in different cell
ypes.

ig. 7. Effect of JH and methoprene on Epac expression in HEK-293 cells. Human
mbryonic kidney cells (HEK-293) were grown to approximately 70% confluency
nd then challenged with (10R) JH III, methoprene, or MLA for 4 h using 1% BSA
s a carrier. Human �-actin (NM 001101) mRNA was used as the internal standard
eference gene and MLA was used as the control. The RER means were not signifi-
antly different (p < 0.05) by one-way ANOVA (LSD). Error bars represent standard
eviation (n = 3).
e Ethanol (25 �l) mixed into diet served as a control.
* Mean RER of Epac with methoprene treatment is significantly different from

ethanol control as compared by one-way ANOVA (LSD; p < 0.05).

4. Discussion

The presence or absence of JH at times outside narrowly pre-
scribed windows during insect development leads to derailment
of insect morphogenesis and reproduction (Nijhout, 1994). While
these morphological aberrations have been better studied in other
insect species, several are known for adult Drosophila, including
aberrations in bristle formation, rotation of male genitalia and
vitellogenesis (Wilson and Fabian, 1986; Riddiford and Ashburner,
1991). Unfortunately, the highly complex mechanisms that give rise
to these phenotypic responses are difficult to study at the molecular
level. Using an in vitro approach, several genes have been identi-
fied as targets of JH action in Drosophila cells of embryonic origin
(Dubrovsky et al., 2004; Kethidi et al., 2006; Li et al., 2007; Willis et
al., in press). The present work, which combines both in vitro and
in vivo studies, builds on our initial observation that several genes
in Drosophila S2 cells are regulated by JH III (Willis et al., in press).

Using cDNA microarray technology, we discovered that JH sig-
nificantly altered the abundance of Epac (Willis et al., in press).
Epac is activated in the presence of elevated cAMP and in turn
activates Rap1, a low molecular weight GTPase of the Ras family
(Bos, 2005). Rap1 cycles between an inactive GDP-bound form and
an active GTP-bound form and is aided in the recycling process by
Epac. In vertebrate cells, Epac activation of Rap1 leads to integrin-
mediated cell adhesion (Rangarajan et al., 2003), stabilization of
cytoskeletal–integrin connections (Lyle et al., 2008), formation of
vascular endothelial cell barriers (Fukuhara et al., 2005; Kooistra
et al., 2005), formation of cardiac gap junctions (Somekawa et al.,
2005), increase in mitogen-activated protein kinase activity and
signaling (Wang et al., 2006) and interaction with PKA in thyroid-
stimulating hormone mediated cell proliferation (Hochbaum et al.,
2008).

The introduction of labile lipophilic compounds such as JH to an
in vitro culture system poses several problems. In the intact insect,
esterases and epoxide hydrolase are responsible for converting the
hormone to more polar, inactive metabolites (see Goodman and
Granger, 2005 for a review). Because S2 cells secrete hydrolytic
enzymes into the medium, we attempted to block JH-specific
esterase using a potent inhibitor, OTFP (Abdel-Aal and Hammock,
1985); however, this was only partially successful as virtually all of
the hormone was metabolized within the 4 h incubation period.
This may be due to the presence of OTFP-insensitive esterases
that metabolize the hormone. This could explain why larger than
expected doses of JH III are required to initiate the rise in the RER

of Epac. In addition to its lability, JH is surface-active and binds
nonspecifically to hydrophobic surfaces (Kramer et al., 1976). To
overcome both nonspecific binding and degradation, we initially
used 0.1% BSA as a carrier molecule (Willis et al., in press). In the
present study, we found that 1% BSA was optimal for maximal
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nduction of Epac. BSA contains multiple hydrophobic binding sites
Westphal, 1986) and thus serves as a hormone reservoir, reducing
egradation and nonspecific binding.

One of the striking features of JH biochemistry is the number
f compounds that have biological activity (Slama et al., 1974). The
earch for these agonists has a practical side as they may be used
s insect pest control agents (Cusson and Palli, 2000) and are espe-
ially attractive as they have no biological activity in vertebrates
Henrick et al., 1973). Yet, because Epac is an important component
n Rap1 activation in vertebrates (Schmidt et al., 2001; Keiper et al.,
004; López De Jesús et al., 2006), there remains the risk that the
ynthetic agonists used as insect growth regulators may have undis-
overed long-term deleterious effects in vertebrates. That concern
s mitigated as both (10R) JH III and methoprene, the most active
ompounds on Drosophila S2 Epac, had no effect on the RER of Epac
n at least one human cell line, HEK-293 (Fig. 7).

A potent insect growth regulator, methoprene, which lacks an
-methyl ester and an epoxide moiety, was the most active of the
ompounds tested and was significantly different from (10R) JH III
n initiating the increase in the RER of Epac (Fig. 5). JHB3, a product
f the ring gland in Drosophila and other cyclorrhaphous dipteran
arvae (Richard et al., 1989 and see Goodman and Granger, 2005
or a review), proved active in S2 cells (Fig. 5); its high levels during
he mid-third stadium of the fly (Jones and Jones, 2007) further sup-
orts the contention that JHB3 is a juvenile hormone unique to the
ore evolutionarily derived dipterans. Methyl farnesoate, a precur-

or to JH III which lacks the epoxide moiety, also displayed moderate
ctivity in increasing the RER of Epac (Fig. 5). Like JHB3, methyl far-
esoate has been found at surprisingly high levels in Drosophila
id-third instars (Jones and Jones, 2007). Methyl farnesoate is also

resent in the embryos of several insect species but its role is still
nclear (Cusson et al., 1991 and see Goodman and Granger, 2005 for
review). The activity of the (10S) enantiomer, normally thought of
s biologically inactive, proved surprising (Fig. 5). While its activity
as significantly lower than that of (10R) JH III, it was neverthe-

ess more active than controls. As expected, JH acid, the product
f esterase cleavage at the C1 position of the hormone, was inac-
ive in this system. It is important to note that 20E cannot induce a
ubstantial rise in the RER of Epac (Fig. 6), which makes this model
asier to dissect.

We explored only a few of the many chemically diverse com-
ounds that have JH-like activity (Davey, 2000); it may well be that
he high degree of cross-talk between signal transduction pathways
see Gerits et al., 2008 for a review) allows such diverse compounds
s peptides, thyroid hormones, and sesquiterpenoids to display JH-
ike activity (Wheeler and Nijhout, 2003; Goodman and Granger,
005).

The relationship between JH, Rap1 and Epac presents an intrigu-
ng glimpse into how JH may act at the molecular level. In
rosophila, cellular functions associated with Rap1 include cellular
rchitecture, mobility and cell adhesion (Asha et al., 1999; Knox and
rown, 2002). In wild-type embryos, the nuclei of cells surround-

ng the ventral furrow in gastrulating embryos are apically located
ut move basally as the cells initiate apical constriction to form the
entral furrow. In Rap1 mutants, the nuclei in cells of the ventral fur-
ow are not uniform in their distribution and fail to migrate basally
s the ventral furrow forms; moreover, cells in this region display
berrant shapes that ultimately lead to abnormal gastrulation (Asha
t al., 1999).

In wing disc cells mutant for Rap1, the cells display abnormal
igration, suggesting that loss of Rap1 function disrupts normal
ell–cell adhesion that maintains lineage-related cells in coherent
roups (Knox and Brown, 2002). Wild-type cells with functioning
ap1 display an even distribution of adherens junctions in their
pical region; cells mutant for Rap1 apparently condense their
dherens junctions to one side of the cell, disrupting cell migra-
ndocrinology 305 (2009) 30–37 35

tion and attachments. Thus, activation of the Epac–Rap1 pathway
leads to a maintenance of junctional integrity while lack of acti-
vated Rap1 or Epac leads to loss of structural integrity (Fukuhara et
al., 2005; Kooistra et al., 2005; Wittchen et al., 2005). The effects of
activating the Rap1–Epac pathway are consistent with the known
morphogenetic action of JH in insects (Truman and Riddiford, 2007).

If the JH-induced increase in the RER of Epac ultimately leads
to an increase in the gene product within the target cell, the
Rap1–Epac pathway would be activated given a concomitant rise in
cAMP. The agent responsible for a rise in cAMP might be JH, as seen
in ovarian tissue (Pszczolkowski et al., 2005). A JH-induced rise in
cAMP would activate PKA, which dissociates into catalytic and reg-
ulatory subunits that migrate into the nucleus to activate various
transcription factors such as cAMP-response element binding pro-
tein (CREB) (Sands and Palmer, 2008). In addition to up-regulating
Epac abundance, elevated cAMP levels would activate Epac and the
Rap1 signal transduction pathway. While cAMP titers have yet to be
determined in this system, computational analysis of the Drosophila
Epac upstream region does indicate a number of conserved CREB
response elements (Sassone-Corsi, 1995; Zhang et al., 2005; Sands
and Palmer, 2008). In addition to the CREB response elements in the
upstream region, three regions with partial homology to Drosophila
JH response elements (Li et al., 2007) are located in the upstream
region and within the first intron, all homologous regions lying
within 2.5 kb of the start site. Embedded within Epac between the
second and third exons lies Cytochrome P450-6a2 (CYP6a2), whose
gene product is involved in insecticide and toxic plant secondary
compound metabolism (Bhaskara et al., 2006). JH did not increase
the RER of CYP6a2 to detectable levels (data not shown) despite the
fact that its coding and regulatory regions are entirely encompassed
by Epac. Interestingly, CYP6a2 in S2 cells is up-regulated by cAMP
and caffeine, an inhibitor of phosphodiesterase, which metabolizes
cAMP (Bhaskara et al., 2008).

Epac provides a particularly attractive target for studying the
molecular action of JH. In the present study, we have demonstrated
that JH, in the absence of 20E, alters the expression of this impor-
tant cAMP-sensing molecule. The up-regulation of Epac in response
to elevated hormone or agonist levels can be observed both in vitro
and in vivo. The in vitro response is rapid and the Rap1–Epac sig-
nalling pathway putatively activated by JH is consistent with its
morphostatic actions. The identification of a well-studied signalling
pathway that is activated by JH should provide a robust experi-
mental model to better understand the molecular action of this
important developmental hormone.
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